Cerebrovascular dilation over Pa02 ranging from hyperoxia to moderate hypoxia is unexplained. We hypothesize that tissue acidosis is the cause. Local cor tical cerebral blood flow (LCBF), tissue hydrogen ion concentration [H + l" and tissue P02 (P ,°2) were measured with microelectrodes in the parietal cortex of 18 rats dur ing a 30-min steady state on 60 to 10% inspired O2 (PaOZ' 300 to 40 torr) during 40% N20 analgesia. Five rats kept on 60% 02/40% NzO_served as controls. In IS rats at a P aOZ of 275 ± 7 torr (X ± SEM) and P aCoZ of 35 ± I torr, cerebral values were: LCBF = 129 ± 23 (X ± SEM) ml . 100 g -1 . min -I; [H + l, = 62 ± 6 nM; and Pt02 = 25 ± 3 torr. As PaOZ was reduced from about 300 to 40 torr, changes in these variables in percentage of control with respect to PaOZ' were described by the following equa-
Past studies reveal that a variety of neurohor mones, ions, and metabolites influence cerebrovas cular tone. Lacking, however, is an understanding of the hierarchy of control exerted by these vari ables and how they interact to alter cerebrovascular tone in graded physiologic and pathophysiologic states. Among those physiologic states is the cere brovascular response to steady-state changes in ar terial oxygenation from hyperoxia (P a02 > 150 torr) to moderate hypoxia (Pao2 = 40 torr) where changes in CBF have not been definitively corre lated with changes in any of these variables.
Cerebrovascular dilatation due to severe, acute hypoxia (P a02 < 20 torr) can be clearly attributed to a number of vasoactive metabolites, which include the hydrogen ion, H+ (Kogure et aI., 1970; Siesj6 tions, all at P < 0.0001: LCBF = 85.9 + 5,572IPa02; [H+lt = 97.15 + 1,012IPa02; and PtOZ = 108.S -3,492/Pa02• Simultaneous solution of the LCBF and [H+lt equations at various Pa02 revealed a slope of S.82%lnM. Direct cor relation between LCBF in ml . 100 g -1 • min -1 and [H + It in nM revealed a linear relationship defined by the equation y = -7.472 + 1.6705X (r = 0.6426) for [H + It between 56 and 160 nM (pH = 7.25 and 6.80) but no correlation at [H+lt values between 56 and 32 nM (pH = 7.25 to 7.50). Cerebrovascular tone is directly correlated with [H + l, during progressive, 30-min steady-state reduction in P aOZ from 350 to 40 torr. Key Words: Rat-Local cerebral blood flow-Brain tissue Poz-Brain tissue pH Hypoxia- Hyperoxia-Microelectrodes. and Nilsson, 1971; Borgstrom et aI., 1975; Johann son and Siesj6, 1975; Koehler and Traystman, 1982) , adenosine (Rubio et aI., 1978; Winn et aI., 1981; Phillis et aI., 1987; Morii et aI., 1987) , cyclic AMP (Rehncrona et aI., 1978; Folbergrova et aI., 1981) , and K+ (Dora et aI., 1979; Astrup et aI., 1978; Kirshner et aI., 1975) . In contrast, when Pao2 is reduced from hyperoxic to moderately hypoxic levels in the steady state, none of these variables have been correlated with the observed 12 to 80% increase in CBF (Borgstrom et aI., 1975; Lubbers and Leniger-Follert, 1975; Jacobson et aI., 1964; Kety and Schmidt, 1948) . At Pao2 from hyperoxia to moderate hypoxia, one of the primary effectors of cerebrovascular tone appears to be brain tissue [H+]t. Kogure et aI. (1970) showed that cerebrova sodilation in response to hypoxia was entirely de pendent upon glycolysis and lactic acid generation. However, CBF increased only when P a02 fell to 50 torr or less. Borgstrom et aI. (1975) showed that in rats, CBF increased to 150% of control when Pao2 was lowered from 130 to 55 torr, which supposedly was not explained by brain, CSF or intracellular lactate (Siesj6 and Nilsson, 1971 ). However, close scrutiny of their data reveals that lactate consis tently increased in the CSF when P a02 was reduced from > 1 00 to 60 to 45 torr. Hamer et al. (1976) reported a 58% increase in CBF and an eightfold increase in brain lactate excretion at a P a02 of 50 torr in dogs. However, the role and importance of the H + in the regulation of cerebrovascular tone has been contested largely on the basis of the ob servation that, at the onset of acute severe hypoxia (Astrup et al., 1978) , CBF increased despite a tran sient alkalosis. It is noted, however, that the tran sient increase in the brain tissue pH and the rise in CBF could be attributed to a sharp and equally tran sient increase in arterial blood pressure from about 130 to 180 torr. The inability of the cerebrovascu lature to react to such rapid, transient changes in perfusion pressure is well documented. Thus, these data, we believe, support the hypothesis that alter ations in cerebrovascular tone in hyperoxia and moderate hypoxia are attributable to H + accumu lation. We tested this hypothesis by studying the relationship between changes in brain tissue Po2, pH, and LCBF during stepwise, 30-min steady state reduction of P a02 from 350 to 40 torr.
METHODS
All studies were conducted according to principles and guidelines provided in the Guide fo r the Care and Use of Laboratory Animals, published by the U. S. Department of Health and Human Services, Public Health Service, National Institute of Health . Twenty-three laboratory acclimated Sprague-Dawley al bino rats, weighing 350 to 400 g, had free access to food and water. They were anesthetized with halothane 4% in 48% N20/48% 02' cannulae were inserted into their tra cheas and their lungs mechanically ventilated (rodent ventilator, Harvard Apparatus) on 0.3% halothane170% N20/30% O2 at 60 breaths/min and tidal volumes of 3.5 to 4.0 ml. Femoral artery and vein catheters (PE-50, Clay Adams, Inc., Parsippany, NJ, U.S.A.) were inserted, and pancuronium bromide (Pavulon, Elkin-Sinns, Cherry Hill, NJ, U.S.A.) administered intravenously 0.2 mg/h for paralysis. The dorsal and lateral aspects of the calvaria were exposed by a midsagittal incision. Two percent lidocaine jelly (Astra Pharmaceutical, Worcester, MA, U.S.A.) was applied to all surgical wounds.
The rats were transferred to a Faraday cage, and ven tilation was continued on 0.3% halothane in 70% N20/30% 02' Inspired O2 was continuously monitored (Critikon, Inc., Tampa, FL, U.S.A.). Their heads were fixed in a stereotaxic apparatus (David Kopf, Inc., Tu junga, CA, U.S.A.) with the sharpened and electrically insulated ear bars fixed directly on the lateral parietal bone instead of the external ear canals, and the snout bar loosely applied to avoid inflicting pain. Experimental protocol for studies on cerebral cortex P02, pH , and blood flow with alterations in P a02' In the control group, five rats were mechanically ventilated on 40% N20/60% O2 with pancuronium bromide immobilization. In the experimental group, 18 rats were mechanically ventilated on 40% N20/6Q-1 0% O�bal N2. In both groups, local cerebral blood flow (LeBF) was measured by H2 clearance after equilibration at an inspired concentration of 1%. Arterial blood samples for blood gas and pH analyses were withdrawn between 5 and 10 min after beginning H2 desaturation, Craniectomies about 4 mm in diameter were made un der a binocular operating microscope (Jena, Inc.) at x 120 over the right parietel cortex with a dental drill and con tinuous saline perfusion. This procedure is extremely del icate, requiring the utmost care in ensuring that the brain is not traumatized. During the craniectomy, mean arterial pressure (MAP) was controlled between 80 and 120 torr by withdrawallreinfusion of the animals' heparinized blood. The dura was reflected to expose a 1-2 mm 2 area of the cerebral cortex and the pH, Po2, and hydrogen (PH2) microelectrodes inserted about 500 J.Lm into the ce rebral cortex, taking care to avoid cortical and pial blood vessels. Occasionally, subcortical blood vessels were in terrupted, resulting in cerebral bleeding, swelling, and a gradual, progressive fall in P,02 and LCBF. These studies were discontinued. The craniectomies were sealed with agar-agar in 0.9% NaCI at 37"C, which solidifies to a stiff gel as it cools. These procedures required 60 to 90 min (see Fig. 1 ). Thereafter, halothane was discontinued and mechanical ventilation continued on 60% 02/40% N20 with sufficient CO2 to maintain P aco2 between 35 and 40 torr. To avoid painful stimulation of the rat, no further manipulations were done after halothane was discontin ued and 2% lidocaine jelly again applied to all surgical wounds. An equilibration period of 60 min was allowed (see Fig.  1 ), and arterial blood gases in the following ranges were verified on a trielectrode blood gas unit (Corning model 165, Fisher Scientific, Inc., Pittsburg, PA, U.S.A.): Pao2, 250--350 torr; PaC02, 35-40 torr; pHa, 7.35-7.40; and base excess, ±5 mEq/L. All arterial blood samples were re placed with an equal volume of heparinized blood from a donor rat. During equilibration, test LCBF determina tions were made with 1 % inspired H2 saturation and de saturation. After the first 5 min of H2 clearance, blood gas and pH samples were obtained (see Fig. O . Immediately after each LCBF measurement, inspired O2 was reduced by 10% (N2 increased 10%) to begin a 30-min equilibra tion at the lower inspired O2, The lowest inspired O2 stud ied was about 10%. An inspired O2 slightly higher than that causing a precipitous fall in MAP usually gave a Pao2 in the range of 40--50 torr. Inspired gases in control rats were maintained at 60% 02/40% N20 throughout (see Fig.  1 
top).
Local CBF was calculated from the 15 min H2 clear ance curves according to the equation: LCBF = A x 0.693 x 60 x 100lT1/2 (sec), where A = 1.0. One CBF measurement was made at each level of inspired O2,
Microelectrodes and recording systems
Procedures for fabrication of the pH (Hebert, 1974; Ne moto and Frinak, 1981) and P02 (Erdmann et aI., 1973; Nemoto and Frinak, 1979 ) microelectrodes have been previously described. Hydrogen microelectrodes were made from 99.9% platinum wire 25 J.Lm in diameter pulled in glass with tip diameter of 5-10 J.Lm. Thereafter, fabri cation was as described for the P02 microelectrodes.
The pH and reference microelectrodes were connected to a differential DC preamplifier (MPA-6) and power sup ply (MPS-15) (Transidyne General, Inc., Ann Arbor, MI, U.S.A.), and the output fed into the Linseis six-channel recorder. P02 and PH2 microelectrodes were connected to Transidyne Chemical Microsensors at polarization volt ages of -750 and 200 m V, respectively, and their outputs also recorded on the Linseis six-channel recorder.
Both P02 and pH microelectrodes were calibrated im mediately before and after each study. The P02 micro electrodes were calibrated in normal saline at 37"C in a water bath (Exatherm P5, Transidyne, Inc.) using ultra high purity gases (Linde, Specialty Gases, Inc., Somer set, NJ, U.S.A.) with an analytical tolerance of ±1%. Pure N2, 4.9%, and 10.0% O2 (balance gas N2), and air (20.9% O2) were used. The pH microelectrodes were cal ibrated at 37°C in 0.05 M certified potassium phosphate monobasic sodium hydroxide buffers (Fisher Scientific Company) at pH of 6.98 and 5.98.
The average duration of the studies between pre-and poststudy calibrations was 165 ± 7 (SEM) min (Fig. 2) . 37"C in 0.05 M certified potassium phosphate monobasic so dium hydroxide buffer at pH of 6.98 and 5.98. The P02 mi croelectrodes (8) were calibrated in 0.9% sodium chloride at 37"C using ultra-high purity gases of pure nitrogen, 4.9% and 10.0% oxygen (balance gas nitrogen) and air (20.9% oxygen) with an analytical tolerance of 1%. Prestudy calibrations were done using all calibration gases, but poststudy calibra tions were done only on pure nitrogen and 10.0% 02'
The sensltlvlty of the pH microelectrodes was un changed, but a 0.155 pH baseline drift occurred ( Fig. 2A) . Baseline was stable in the POz microelectrodes, but sen sitivity fell by about 17% (Fig. 2B) . All values reported were corrected for baseline and sensitivity changes as suming the changes were linear with time as determined in vitro. Statistical comparisons of group means, where appli cable, were compared and contrasted by analysis of vari ance and the t test for unpaired data with a maximum significant p value of 0.05. Curve fitting was done by the least squares method using Prophet. The goodness of fit was judged on the basis of the correlation coefficient and the significance of the regression tested by analysis of variance.
RESULTS
While mechanically ventilated on 60% 02/40% N20, mean Pao2 in the control group was about 260 torr with MAP and Paco2 controlled at about 120 and 35 torr, respectively (Table 1) . Cerebral values at zero time were: LCBF, 118 ± 19 (SEM) ml . 100 g-I . min -1; [H+]t, 70 ± 9 nM (pH = 7.15); and Pto2, 36 ± 5 torr and varied between 88 and 104% of the zero time values during the 150 min duration of the study (Fig. 3) . A stepwise reduction of inspired O2 from 60 to 10% in the experimental group de creased Pao2 from a mean of 27-45 torr ( Table 2) . MAP and P aco2 were controlled at about 120 and 35 torr, respectively. Rectal temperatures were similar in both groups, although the experimental rats de veloped a greater base deficit.
The mean difference in P aco2 of 4 mm Hg be tween 50% and 10 and 20% inspired O2 raised the question of whether the increase in [H +]t was at tributable to P aco2 rather than the hypoxia. Thus, a plot of [H +]t versus P aco2 was done for all 18 rats in Fig. 4 , and no correlation between these two vari ables was observed. Thus, the increase in [H+]t and LCBF was not related to Paco2 but rather Pao2.
Mean LCBF in experimental groups on 60% lCBF (CONTROL .!.CBF = 118±19cc/I00g/min)
Local cerebral blood flow, tissue hydrogen ion con centration, and tissue P02 in percent of control (0 min value) in parietal cortex of 5 rats during 150 min of mechanical ventilation on 40% N20/60% O2 with pancuronium bromide immobilization. See Fig. 1 for procedures 02/40% N20 was 129 ± 23 (SEM) ml . 100 g-I . min-I (Fig. 4) . Decreasing Pao2 from about 350 to 40 torr induced alterations in LCBF from a 20% decrease to a 320% increase (Fig. 4) . Never theless, there was a clear-cut relationship between LCBF in percent of control and P a02 described by the equation, LCBF (% control) = 85.9 + 5,5721 P a02 with a correlation coefficient (r) of 0.9544 (p < 0.0001). Mean [H+]t at a Pa02 of 300 torr was 62 ± 6 nM (SEM) corresponding to a pH of 7.21 ( Fig. 4) in the experimental group that compares favorably with the values in the control group. As P a02 was reduced, [H+]t like LCBF, varied considerably but generally increased as P a02 fell to 50 torr according to the equation,[H+]t(% control) = 97.15 + 1,0121 Pao2 (r = 0.9949, p < 0.0001). Mean Pto2 on 60% 02/40% N20 was 25 ± 3 torr (SEM) (Fig. 4) and progressively fell as Pao2 was lowered. The fall in Pto2 with P a02 was described by the equation, Pto2 (% control) = 108.8 -3,492/Pao2 (r = 0.7258, p < 0.001).
Because of local brain heterogeneity in circula tion and metabolism, unless [H+]t> Pto2, and LCBF measurements are made in precisely the same re gion and through the same microelectrodes, a par ticular LCBF value cannot be reasonably expected to correlate with simultaneously measured [H +]t or Pto2 even if made in the same animal and region of the brain. Thus, correlations between these vari ables (i.e., LCBF versus [H+]t) were made accord ing to the equations describing their relationship to changes in Pao2 (Fig. 5) . Although a cause and ef fect relationship between LCBF and [H +]t has not been proved in these studies, a linear relationship was observed between LCBF in percent of control and [H+]t with a slope of 8.818%/nM. Thus, the 40% increase in LCBF, which was observed when Pao2 was lowered from 300 to 100 torr, would re quire only a 4 to 5 nM increase in [H+]t. Similarly, the relationship between [H +]t in percent of control and Pto2 in torr was linear with a slope of -1.159%/torr (Fig. 6) .
A direct scatter plot of LCBF (mi· 100 p < 0.0001) (Fig. 7) . However, the data obtained in the 7 remaining rats (n = 49) showed no correlation and if anything, an inverse correlation: Y = 468.86 -4.4411X, r = 0.1844, P > 0.05. Although partially overlapping with the data obtained in the other rats, the [H+]t values in this latter group all tend to be about 50 nM (pH = 7.3) or lower.
DISCUSSION
Local CBF, [H+]t> and Pto2, showed predictable and highly significant responses to stepwise, steady-state reductions in P a02 from 350 to 40 torr. Using the equation relating LCBF and Pao2, LCBF increased to 225% of control as P a02 was reduced from 350 to 40 torr. This same equation predicted the 50% increase in CBF observed by Borgstrom et al. (1975) and Johannson and Siesj6 (1975) when P a02 was reduced from 134 to 55 torr and by Hamer et al. (1976) in dogs. Thus, the relationship between LCBF and P a02 described by this equation appears to reliably predict data obtained by other investiga tors.
The linear relationship between LCBF in per centage of control and [H+]t in nM with its slope of 8.818%/nM indicates a high sensitivity of the cere brovasculature to [H+]t. Fencl et al. (1969) reported a similar cerebrovascular sensitivity to H + in man with steady-state CBF and CSF pH measurements following 2 to 3 days of sodium bicarbonate or am monium chloride ingestion. They observed a 75% increase in CBF with a 7.6 nM rise in CSF [H+] or a 9.8% increase in CBF per nM increase in CSF [H+] at Pao2 ranging between 135 and 188 torr. This high sensitivity of the cerebrovasculature to H + and the evidence previously cited for the develop ment of tissue lactic acidosis in the introduction provides support for the hypothesis that brain ECF [H +] could be involved in the modulation of cere- during 40% N20 analgesia. Eighteen rats were immobilized with pancuronium bromide and mechanically ventilated on 40% N20/60-10% 02/N2' Control values were obtained at P a02 of 250 to 350 torr. Curves of best fit were drawn by the least squares method using the Prophet Computer System.
The correlation coefficient (f), standard deviations ( brovascular tone with changes in P a02 from hyper oxia to moderate hypoxia. It is likely that the increase in LCBF is not en tirely and only attributable to the increase in [H + ]t. Indeed, an early increase in brain tissue adenosine has also been reported with reductions in P a02 in the range of moderate hypoxia. Morii et al. (1987) re ported that in rats subjected to a decrease in P a02 from 108 torr (normoxia) to 45 torr and 34 torr, increased CBF by 40% and 196%, respectively. The CBF response was significantly attenuated by the ophylline, 0.2 mol/g, i.p. Winn et al. (1981) showed that during brief, 30 s of hypoxia, brain tissue ade nosine increases sixfold. Koehler and Traystman (1982) estimated that changes in brain ECF [H+] only partially account for the changes in cerebro vascular tone during severe hypoxia (i.e., P a02 = 22 torr). Although modulators other than H+ are prob ably involved in generating the CBF responses to hypoxia, our results indicate that the H + could at least partly explain the changes in cerebrovascular tone during moderate hyperoxia and hypoxia. They also reinforce earlier evidence of the importance of local metabolic H+ control of CBF (Lassen, 1968; Kontos et aI., 1978; Siesj6 et aI., 1968; Betz and Heuser, 1967; Wahl et aI., 1970) .
Our results and those of the investigators previ ously cited clearly indicate that the changes in ce rebrovascular tone with changes in P a02 between 350 and 40 torr are at least partly attributable to acidosis. However, several studies appear to con tradict these findings. Astrup et aI. (1978) reported that during severe, acute hypoxia and bicuculline induced seizures in rats, the increase in LCBF is disassociated from brain ECF pH. In their study, however, while the measurements of brain tissue K + and P02 may be reliable, the pH electrodes with tip diameters of tOO f.Lm probably caused excessive tissue destruction, resulting in loss of autoregula tion and unacceptably high pH values of 7.3 to 7.4. Measurements made with microelectrodes with tip diameters of 1-5 f.Lm (Nemoto and Frinak, 1981; von Ardenne and Reitnauer, 1970; Urbanics et aI., 1978) , 5,5-dimethyloxazolidine-2,4, dione (DMO) (Roos, 1971) , and indicator (Sundt and Anderson, 1980; Yaksh and Anderson, 1987) have all reported values during normoxia of about 7.0 to 7.1. It is not surprising that traumatized brain responds to hyp oxia with a transient alkalosis due to the hyperper fusion that occurs with the increase in arterial blood pressure at the initiation of the hypoxia. A study by Nolan and Davies (1982) has been frequently cited as providing evidence that hypoxia causes cerebro-vascular dilation in the face of alkalosis. However, in their study, only changes in pH are presented without the absolute or control values. The fact that they were unable to provide any absolute brain tis sue pH values renders the relative changes reported suspect. Recently, Javaheri (1986) reported that in 7 dogs in whom brain tissue pH measurements were made with either surface or spear-type microelec trodes with tip diameters 30 f.Lm or less, brain tissue [H +]t did not increase when P a02 was reduced from 85 to 47 torr. In most cases, a decrease in brain [H+]t was observed. As in the study by Nolan and Davies (1982) , we believe that the craniotomy trau matized the brain, which is suggested by both the high brain tissue pH values reported and the au thor's comment that the brain tissue on the perim eter of the craniotomy was avoided because of the damaged blood-brain barrier assessed by Evan's blue dye extravasation. Thus, all of the studies re porting a disassociation between brain pH and CBF, either report abnormally high pH values, which are likely due to brain trauma during the cra niotomy or extensive tissue destruction from large electrodes, or measured the changes occurring dur ing acute, severe hypoxia or anoxia when the hier archy of control may be disrupted. Our results showing a direct linear relationship between [H +]t in nM and LCBF in mI, tOo g-I . min -I at [H+]t of 50 nM or higher and no correlation at [H +]t below 50 nM support this notion.
Because of the high sensitivity of the cerebral vasculature to H + , the increase in [H +]t associated with the decrease in P a02 from 350 to 40 torr and with the 225% increase in LCBF was only 17 nM, which would be undetectable by present assay methods for lactate, especially with normal brain tissue lactate levels between 1.5 and 2.0 mM. How ever, because of the buffering capacity of the brain (Kjallquist, et aI., 1969) , a change in brain pH from about 7.21 to 7.10, would require a 4 mM increase in brain lactate. An increase in brain lactate of this magnitude is detectable and consistent with the 1 to 2 mM increase in CSF lactate during moderate hyp oxia in rats (Siesj6 and Nilsson, 1971 ) and with the increase in brain lactate excretion in dogs at P a02 of 50 torr (Hamer et aI., 1976) .
One of the brains' most notable and consistent features is its anatomic, biochemical, physiologic, and functional heterogeneity, which appears to be necessary for normal function (Ginsberg et aI., 1976; Kozniewska et aI., 1987; Neubauer and Edel man, 1984) . Despite the significance of the correla tions between LCBF, [H +]t and Pto2 with P a02' there was a great deal of variability in the values and response observed. This heterogeneity could be the basis of the graded response of the brain to a progressive change in P a02 even at hyperoxic levels with P a02 > 300 torr. Oxygen gradients in the brain ranging from arterial P02 to zero led to the sugges tion that even during normoxia, some brain regions are hypoxic. Aside from P02 gradients along arteri oles and capillaries, differences in local metabolic rate could also contribute to local hypoxia. Thus, the proportion of hypoxic brain tissue, which could exist even during hypoxia, gradually increases as Pao2 decreases, resulting in a graded response in terms of lactic acid production and H + accumula tion. Convincing proof of this notion is provided by the frequency histograms of brain Pto2 values show ing an increasingly greater proportion of zero values as P a02 is decreased from normoxia to hypoxia (Konzniewska et aI., 1987) . Thus, the heterogeneity of the brain appears to be an essential aspect of its normal function just as asynchronous as opposed to synchronous electrical activity is essential for nor mal brain function.
